The objective is to validate a designed heating protocol in a previous study based on treatment efficacy of magnetic nanoparticle hyperthermia in prostate tumors. In vivo experiments have been performed to induce temperature elevations in implanted PC3 tumors injected with magnetic nanoparticles, following the same heating protocol designed in our previous microCT-based theoretical simulation. A tumor shrinkage study and histological analyses of tumor cell death are conducted after the heating. Tumor shrinkage is observed over a long period of 8 weeks. Histological analyses of the tumors after heating are used to evaluate whether irreversible thermal damage occurs in the entire tumor region. It has been shown that the designed 25 min heating (Arrhenius integral X ! 4 in the entire tumor) on tumor tissue is effective to cause irreversible thermal damage to PC3 tumors, while reducing the heating time to 12 min (X ! 1 in the entire tumor) results in an initial shrinkage, however, later tumor recurrence. The treated tumors with 25 min of heating disappear after only a few days. On the other hand, the tumors in the control group without heating show approximately an increase of more than 700% in volume over the 8-week observation period. In the undertreated group with 12 min of heating, its growth rate is smaller than that in the control group. In addition, results of the histological analysis suggest vast regions of apoptotic and necrotic cells, consistent with the regions of significant temperature elevations. In conclusion, this study demonstrates the importance of imaging-based design for individualized treatment planning. The success of the designed heating protocol for completely damaging PC3 tumors validates the theoretical models used in planning heating treatment in magnetic nanoparticle hyperthermia.
Introduction
Hyperthermia treatment using physical modalities has attracted a lot of attention in the past decades in cancer treatment, as an alternative to patients who have compromised health and cannot go through traditional cancer treatment methods. The amount of thermal damage to tumor cells is usually affected by the extent of temperature elevations in the tissue and its exposure time [1, 2] . Among all the thermal ablation techniques, magnetic nanoparticles have gained prominence in the last two decades for use in hyperthermia, in additional to their clinical applications such as drug delivery and medical imaging. In magnetic nanoparticle hyperthermia, an external alternating magnetic field is applied to the nanoparticles to generate localized heating in targeted tissue region. Designing an optimal heating protocol to cause irreversible thermal damage to tumors while preserving the surrounding healthy tissue relies on a wide range of heating parameters such as magnetic field strength, frequency, local concentration of nanoparticles, and heating duration. The designed heating protocol also depends on the specific cell line, growth stage, and their surrounding tissue environment. Evaluating a designed heating protocol using magnetic nanoparticles in animal models is the first step to test its efficacy in a biological environment, leading to validation of the theoretical modeling approach for future optimal designs in clinical settings.
Various models have been proposed to assess thermal damage, taking into consideration the complicated biological and chemical reactions during heating [3, 4] . Among them, the Arrhenius integral X is developed based on the first-order chemical reaction equation to assess cell death [3] . A recent study [4] has suggested that implementation of a temperature-dependent time delay to the traditional Arrhenius model significantly improves agreement between experimental measurements of cell death and model prediction. The values of the coefficients shown in those models are typically determined from experimental studies when a specific tumor cells are placed in a fixed temperature environment for a specific duration. The major challenge is that the magnitudes of the coefficients can be affected by many factors, since tolerance to heat varies from one type of cells to another, and also depends on growth stages of the cells [5] . Another challenge is that these coefficients may also be affected by the level of temperature elevations and its distribution achieved during treatment. One study shows that physiological responses of tumors to mild hyperthermia (40-43 C), including increases in tumor blood flow and heat 1 shock protein expression, can greatly affect the treatment outcome [6] . It has been suggested that administration of a large thermal dosage can elevate local temperatures greater than 50 C for a short duration of time and can reduce the impact of these physiological responses for more controllable treatment outcomes [7] .
Another approach to evaluate thermal damage is via tumor shrinkage after hyperthermia treatment [8] . Tumor shrinkage after a treatment and maintenance of the shrinkage for a sufficiently long time are indication of irreversible thermal damage to cells. On the other hand, damage at the cellular level is only recognizable based on pathological evaluations of treated tissue. These histological markers reveal whether the temperature elevation and duration of heating result in recoverable damage or lethal thermal effects, something that cannot be determined by inspection of a shrinking tumor. Recoverable damages, such as intracellular edema, thermal inactivation of specific enzymes, as well as cellular membrane rupture, represent situations when cells may tolerate and survive the modest temperature elevations for specific periods of heating after the treatment [9] . Other lethal thermal markers include necrosis (trauma induced cell death) and apoptosis (programmed cell death). These occur when the repair mechanisms or their mediators (deoxyribonucleic acid and ribonucleic acid enzymes) are affected due to the imposed thermal stresses [10] . After a heating treatment, the release of heat shock proteins (HSPs) can also be regarded as an indication of cell necrosis or cellular stress [2] . Therefore, observation of various markers in histological analyses can be used to evaluate severity and uniformity of thermal damage to entire tumors.
One of the most commonly used methods to quantify morphological changes in the cellular structure is to perform hematoxylin and eosin (H&E) staining [11] . H&E staining is also commonly used during biopsies to determine whether cancer is present since many forms of cancer cells are poorly differentiated, i.e., they do not resemble normal cells, from the surrounding healthy cell. Using this process, basophilic/negatively charged structures such as deoxyribonucleic acid, ribosomes, and the cell nucleus are stained a bluish color while eosinophilic/positively charged structures such as cytoplasm and extracellular proteins like collagen are stained a pinkish color.
In a previous study of our group [12] , heating protocols are designed to determine the heating time to induce complete thermal damage to PC3 tumors implanted on mice, with minimal collateral damage to the surrounding healthy mouse tissue below an acceptable level. The heating protocols are determined from microCT scan-generated tumor geometry and heat generation distribution. The Arrhenius integral X is calculated based on tumor temperature field simulation to determine how long it takes to achieve a design objective of X ! 1 or 4 in the entire tumor implanted on a mouse. Based on using the same magnetic field strength and the same ferrofluid infusion rate and amount, a heating time of 12 min or 25 min is determined to achieve X ! 1 or 4 in the entire PC3 tumors. Although many previous studies use both criteria as the threshold of irreversible thermal damage, X ! 1 only implies 63% of the cell death based on the Arrhenius integral, while X ! 4 suggests 98.2% of the cell death after the heating duration. It is not clear whether 63% of the cell death in tumors is sufficient to induce irreversible thermal damage to the entire tumor. In other words, it remains a question whether the remaining 37% of tumor cells would recover from the heating treatment. In addition, none of the previous studies evaluated both thresholds simultaneously in PC3 tumors to investigate the treatment efficacy using magnetic nanoparticle hyperthermia.
The goals of this study are to measure tumor shrinkage and to perform histological analyses after magnetic nanoparticle hyperthermia, and to evaluate whether the designed heating protocol indeed induces adequate thermal damage to tumors. Tumor shrinkage/growth will be observed over a long period of 8 weeks. Histological analyses of the tumors after treatment will be used to evaluate whether irreversible thermal damage occurs in the entire tumor region.
Methods and Materials
2.1 Heating Experiment. Twenty-two BALB/c Nu/Nu female mice (25 6 2.6 g) between 4 and 6 weeks in age were used to test the efficacy of the designed heating protocol. Once the tumors have reached a minimum diameter of 1 cm, the mice were weighed and anesthetized using sodium pentobarbital (40 mg/kg, i.p.). The mouse was then placed on a water-jacketed heating pad to maintain the normal body core temperature. Some tumors were injected with 0.1 cc of the commercially available ferrofluid used previously at a rate of 3 lL/min, following the procedures described in a previous study [13] , while other tumors were used as the control. After the injection, the needle was removed and the mouse was placed inside a two-turn water-cooled coil on the water-jacketed heating pad. The alternating magnetic field induced by the coil has a magnetic strength of approximately 5 kA/m and a frequency of 190 kHz [13] . The experimental setup of this study can be seen in Fig. 1 . The appropriate heating duration was determined using the computational models in a previous study [12] , and the heating time was either 25 min or 12 min when the Arrhenius integral X ! 4 or 1, respectively, in the entire tumor.
Tumor Shrinkage Study.
Three groups (five tumors in each group) were tested for this part of the study: 25 min of heating (the Arrhenius integral X ! 4), 12 min of heating (X ! 1), and the control group with no nanoparticles but subjected to the alternating magnetic field for 25 min. After the heating experiment, the mouse was allowed to fully recover before it was returned to the animal facility at UMBC, following the protocol approved by the IACUC. The tumor growth/shrinkage was measured daily over the next 8 weeks using a Vernier caliper. Previous studies [12, [14] [15] [16] [17] suggested a modified ellipsoidal formula to approximate the volume of the tumor Fig. 1 Experimental setup of the study, including an RF generator, a two-turn coil to induce an alternating magnetic field, a stage for holding the mouse, a water circulating heating pad, a pump, and a water reservoir supplying 37 C warm water 051101-2 / Vol. 139, MAY 2017 Transactions of the ASME
where L is the greatest longitudinal diameter (mm) and W is the greatest transverse diameter (mm). This method has been shown to provide an accurate volume estimation of the tumor volume from comparisons with that measured by three-dimensional microCT scans and positron emission tomography (PET) imaging technology [18] . After the tumor shrinkage study was completed, all mice were euthanized via a sodium pentobarbital overdose (160 mg/kg, i.p.).
Histological Analysis.
Seven BALB/c Nu/Nu female mice were used for histological analysis (28.1 6 1.6 g) with an average tumor size of 0.96 6 0.15 mm 3 . Histological analyses were performed on three groups: two tumors with neither nanoparticles nor heating (the control group), two tumors injected with magnetic nanoparticles with no heating (the sham group), and three tumors with nanoparticle injection and subject to 25 min of heating (the heating group). After the experiment, the mouse was euthanized via a sodium pentobarbital overdose (160 mg/kg, i.p.), and the tumor was resected. To determine the extent of thermal damage in the tumor, H&E staining was performed on 5 lm sections cut from the tumors preserved in the 10% neutral buffered formalin (NBF) solution. H&E staining is routinely used by pathologists because it offers detailed view of cellular structures of the otherwise transparent tissue. This method can clearly stain cell structures such as the cytoplasm, nucleus, organelles, and extracellular components either red or blue depending on the charge. For each specimen, one slide was stained and six slides were left unstained for pathological analysis. Table 1 , the initial sizes of the treated groups are similar, allowing for more appropriate comparisons between the two heating groups. The tumor size in the control group was smaller to allow for more time to grow the tumors. For a mouse with bilateral tumors, if one of the tumors was too large, the mouse had to be euthanized.
Results

Tumor Shrinkage Study. As shown in
The shrinkages/growths of the tumors in all three groups are plotted in Figs. 2-4. Student's t-test was used to determine if there was significant growth (or regression) of the tumor over the 8-week observation period, using the tumor volume on the first day as a reference. As shown in Fig. 2 , the tumors in the control group without heating almost double their sizes within 10 days, and at the end of the observation period of 8 weeks, the volume increases from the initial 300 mm 3 to 2600 mm 3 . In the Arrhenius integral assessing thermal damage, X ¼ 1 implies that 63% of the tumor cells will be damaged; however, it is possible that the remaining 37% of the tumor cells may still be alive. When X ¼ 1 is selected as the damage threshold, the heating time is found as short as 12 min; therefore, this group can be considered as the barely minimal heating group or undertreated group. Figure 3 provides the tumor volume variations over the 8-week observation period. The average tumor volume shrinks 85% from the initial 655 mm 3 to 100 mm 3 within ten days, suggesting some positive outcomes in damaging tumor cells. Unfortunately, ten days after heating, the previously disappearing tumors start to grow back. Their average volume is almost the same as the initial size 40 days after the heating, and it reaches 1100 mm 3 56 days later, an almost 68% increase from the initial value.
In the X ¼ 4 heating group, the heating time is designed as 25 min, in order to achieve 98.2% death in tumor cells. The average tumor volume variations in the X ¼ 4 heating group after the heating treatment are plotted in Fig. 4 . The tumors in the heating group of 25 min disappeared completely after the third day, and the treatment site maintained the disappearance for the 8-week observation period. The actual photos of the same mouse bearing two PC3 tumors are given in Fig. 5 . After the tumor was treated, a burn at the treatment site was visible two weeks posttreatment. Two weeks later, the burn reduced to a small scar on the right flank. Eight weeks posttreatment, the mouse showed no observable tumor growth and only a small scar remained at the treatment site.
We further evaluate whether heating inhibits tumor growth, illustrated in Fig. 6 . The tumor growth rate in the control group is slow at the very beginning, then accelerates in the middle ($55 mm /day) in the three groups over the observation duration of 56 days day in day 1 to 160 mm 3 /day in day 3, without any further tumor regrowth after day 3. The average shrinkage rate in the X ¼ 4 group within the first 3 days is much higher than that in the undertreated group, therefore, accelerating the tumor shrinkage after heating. Fig. 7 provides the typical H&E staining of PC3 tumors with neither nanoparticle injection nor heating at the 25Â magnification. Pictures were taken with a camera (AxioCam MRc5, Zeiss, Charlotte, NC) mounted on a microscope (BX51, Olympus, Tokyo, Japan) and processed using the software (AxioVision, Zeiss, Charlotte, NC) that came with the camera. The lower right-hand side shows the tumor periphery noted by the region of muscle. Under 25Â magnification, it is evident that there are necrotic regions in the untreated tumor. Under normal conditions, the presence of necrotic region in PC3 tumors is not uncommon, and it is most likely due to poor blood supply to those regions and/or the aggressive growing nature of the particular tumor. The typical H&E staining of PC3 tumor tissue in the sham group only injected with ferrofluid, however, without heating, is shown in the bottom panel in Fig. 7 . The PC3 tissue in the sham group still resembles normal PC3 cells. The black area in the stain is a small deposition of the ferrofluid. Note that during slicing of PC3 tumors, not all of the ferrofluid still holds in its original tumor region. It is evident that tumor necrosis still occurs in the tumors of the sham group. The presence of nanoparticles from the direct intratumoral injection does not seem to result in any additional cell necrosis to the tumor region. The tumor periphery still resembles normal PC3 cells with healthy fat and muscle layers. Figure 8 shows the stained images of a tumor slice under 25Â and 100Â magnification after the tumor was heated for 25 min. Once heated, the tumor was immediately resected and suspended in 10% NBF to observe the early stages of cell death. The thick lines branching off the ferrofluid deposit toward the tumor periphery are artifacts, which have occurred because the structural integrity of the cells resulted in folds during the staining process. It can be clearly seen that there are several areas of tumor cells containing no discernable nuclei and areas of cells detaching from their surrounding cells. The stained nuclei and cytoplasm in Fig. 8 differ greatly from those in Fig. 7 . The nuclei are significantly darker suggesting that the cells are pyknotic, a condensing of the nuclei that is pre-apoptotic or necrotic [9] . Cells in the immediate vicinity of the ferrofluid deposition region (dark region in the center of the image) are indiscernible as the cell structures have been completely destroyed and they appear "liquefied," much different than the region surrounding the ferrofluid in Fig. 7 . The muscle surrounding the periphery of the tumor also shows severe thermal damage due to heating, suggesting that heat penetration to the periphery regions is prevalent.
Histological Analysis. The top panel in
Discussion
It has been well demonstrated over the last decade that magnetic nanoparticle-induced hyperthermia has the potential of confining heat to targeted tumors. If sufficient nanoparticles are delivered to tumors, the tumors can be completely ablated with minimal collateral damage to the surrounding healthy tissue. Direct intratumoral injection of ferrofluid to tumors has the advantage over systemic (intravenous) delivery, since it can be effective to deposit nanoparticles to targeted tumors even if the tumors are poorly and/or nonuniformly perfused. Theoretical studies have shown the feasibility of elevating tumor temperatures to 50-80 C, sufficient to induce irreversible damage to the cancerous tissue [12, 19, 20] .
The major finding of this study is that the observed tumor shrinkage supports the hypothesis that the heating protocol achieves the objective of complete thermal damage to the tumors after being implemented, following the design. The group of tumors without treatment showed continuous volume growth over the observed time period, with its volume increasing up to ten times of their initial values in some cases. In the undertreated group, the tumors showed significant initial shrinkage (approximately 85% of its original volume) and later regrowth to more than its initial volume over an observation period of 8 weeks. However, the tumor growth rate was slowed down after heating. Only in the group of the treated tumors following the designed 25 min of heating, all tumors completely disappeared over the observed 8 weeks, and some tumors disappeared after a day or two. One significant improvement of this study is the long observation period of 8 weeks from previous tumor shrinkage studies of only 3 weeks or less [8, 17] . This longer observation period is considered as a threshold, after which the tumor is unlikely to grow back.
Histological analyses of tumor cell death are another important part of this study to confirm the efficacy of the designed heating protocol. Histology of the control tumor shows that PC3 cells are aggressive in nature. It also shows that due to their aggressive nature, some tumor regions become necrotic possibly as the result of poor vascular structure at their later growth stages. The finding shows the importance of testing tumors at consistent growth stages to have more comparable results. Previous studies have studied toxicity of nanoparticles to tissue; however, those studies are focused on toxicity in liver or spleen due to nanoparticle uptake by those organs, usually in the systemic delivery of ferrofluid [21] [22] [23] [24] . In direct intratumoral injections of ferrofluid, uptake in the liver or spleen due to nanoparticles getting into blood circulation is minimal. As for toxicity of nanoparticle to local tissue (including tumors), previous studies have suggested no toxicity when the local iron concentration in tissue ranges from 31 and 58.45 mg/g of tissue [25] . In our study, due to the very small volume concentration (5.8%) and the small amount of ferrofluid injected (0.1 cc), it is estimated that 0.1 cc only contains 25.2 mg of iron [13] . The histological analysis of this study seems confirming that toxicity of nanoparticles to PC3 tumors is negligible. In the sham group with ferrofluid injection only, although necrotic cells are noted in the immediate vicinity of the ferrofluid, the necrotic cell region is almost the same as that in the control group with neither ferrofluid injection nor heating. Therefore, it is unlikely that ferrofluid injection alone causes additional cell necrosis. The treated group shows serious necrosis and apoptosis in the tumor cells after immediate resection. With the thermal damage shown, it is expected that the tumor cells would not be able to recover. In the treated group, damages to muscle and fat near the tumor are noticed. This result is expected from the simulations since complete thermal damage also is predicted at tumor periphery.
One limitation of the study is that the tumor is resected right after the heating experiment for histological analyses. Typically, after the initial damage, indirect or delayed cellular damage may also occur due to cascading biochemical reactions triggered by the initial thermal damage. The damage may become evident several hours after the initial heating, and may last for several days. It includes microvascular damage leading to vascular stasis and thrombosis, cellular apoptosis due to nonuniform temperature elevations and altering of tumor microenvironment, secretion of tumor necrosis factors by Kupffer cells in the liver, and systemic production of cytokines [26] [27] [28] . In addition, after the initial damage, the tissue may start repairing mechanisms [29] . For example, high levels of heat shock proteins have been observed to be overexpressed in tumor cells in responding to heating [29] . It is known that heat shock proteins are used to salvage denatured proteins and promote cell survival. Therefore, if tumors were resected several hours after heating, the histological results might have been different from what we obtained, due to repairing mechanisms decreasing inflammation in the cells and/or secondary damage. More histological analyses at various time points after the initial heating are needed to quantitatively evaluate secondary damage and repairing responses.
Another limitation of the study is the use of a tumor model implanted beneath skin surfaces. It is unclear how accurately those tumor models capture human malignancy in deep-seated tumors, and whether the distribution of nanoparticles and thermal tolerance by tumors are affected by the tumor location. Future studies are warranted to test tumor models in situ for more clinically relevant results. In addition, the focus of this study is on the PC3 tumor, one of several human prostatic tumors affecting elder populations. Although the study has showed the effectiveness of using a heating protocol to induce permanent thermal damage to PC3 tumors, it may not indicate the effectiveness of the heating protocol to other forms of prostatic tumors such as DU145, LNCaP, C4-2, and C4-2B. Future experimental studies will be needed to determine tumor-type specific thermal dosages. The treatment protocol is designed based on the simulation results in a previous study. The implementation of the treatment protocol is based on the hypothesis that the nanoparticle distribution in PC3 tumors would be similar if one follows the same injection strategy [13] . To achieve a truly individualized treatment protocol design, one may use a microCT imaging system that allows in vivo imaging of the mouse with embedded tumors. This approach can be used to determine individualized heating duration based on size and nanoparticle distribution in the tumor, without sacrificing the mouse and tumor resection.
In summary, in vivo experiments have been performed to induce temperature elevations in implanted PC3 tumors in mice using magnetic nanoparticles following the same heating protocol designed in our theoretical study. A tumor shrinkage study and histological analyses of tumor cell death are conducted to confirm treatment efficacy of the designed heating protocol. It has been shown that 25 min heating on tumor tissue is effective to cause irreversible thermal damage to PC3 tumors while lowering the heating time results in an initial shrinkage, however, later tumor recurrence. The treated tumors with 25 min of heating disappear after only a few days. On the other hand, the tumors in the control group without heating show approximately an increase of more than 700% in volume over the 8-week observation period. In the undertreated group, an initial shrinkage is observed; however, the tumors grow back later, although its growth rate is smaller than that in the control group. In addition, results of the histological analysis suggest vast regions of apoptotic and necrotic cells, consistent with the regions of significant temperature elevations. In conclusion, this study demonstrates the importance of imagingbased design for individualized treatment planning. The success of the designed heating protocol for completely damaging PC3 tumors validates the theoretical models used in planning heating treatment in magnetic nanoparticle hyperthermia.
